Y

DDC _FILE_co

- ~

ADAQ76832

NAVAL POSTGRADUATE SCHOOL

Monterey, Galifornia A

THESIS T

HOT FLOW TESTING OF MULTIPLE
NOZZLE EXHAUST EDUCTOR SYSTEMS

by
James Allan Hill

September 1979

Thesis Advisor: P.F. Pucci

_
Approved for public release; distribution unlimited.




~—lINCLASSIELED
SECUMTY CLASHPICATION OF TwiS PAGE (When Dats Bntered)
READ INSTRUCTIONS

W N ATALOC WuUUBER
(8. _TITLE (e OuBWIeY—— - . . et T R n /REO
ot Flow a:sting of Multiple &.:zzle/ (’7‘5 Easter's Thesis;;/ 7

xhalst ctor Syst€hs,
=

.
L ——— 6. PEAPORNING ORG. ABPORT NUNBER

-

LD NUM e)

7 S e L
_Allan[Hi11 |
- - 3 —

" ARGA & WORK UMY NUBBENS

Naval Postgraduate School ,
Monterey, California 93940 / y

1. CONTROLLING OFFICE NAME AND ADDRESS

Naval Postgraduate School
Monterey, California 93940

'Seph~79wl B

SECURITY CLASS. (of hie ripert)

CEE -

Approved for public release; distribution unlimited.

7. OISTRIBUTION STATEMENT (of the abewass antorad i Bioch 29, I{ difforent Wam Repart)

e —————
16. SUPPLEMENTAAY NOTES

" l.'“ﬂ“(h- o oide i ary and iGenttly by bleek mumber)

Hot Flow Model
Multiple Nozzle Exhaust Eductor Systems

36 ABSTRACT (Continue e reverce o/de 1f nocecemy Gnd Iowntily by S0k Sumber)
“\Hot flow model tests of multiple nozzle gas turbine exhaust
eductor systems were conducted to evaluate the temperature effects
of several eductor design modifications. A one-dimensional analysis
of a simple eductor system based on conservation of momentum for
an incompressible gas was used in determining the nondimensional
parameters governing the flow. Eductor performance is defined in

terms of these parameters. Compared to existing solid wall eductor,

DO i
(Page 1)

1473 emion oF ' nOV 68 18 OBSLETR
S/0 0102-014- €001 |

R e O




- -,
!
- UNCLASSIFIED §
' ¥ i
N #20 -~ ABSTRACT - CONTINUED |
, ; Sthc addition of film cooling slots in the mixing stack, a mixing i‘
L $ stack shroud and a double split ring diffuser section was found %'
& to significantly improve the pumping coefficient of the eductor, !
-g_ and drastically decrease all external surface temperatures as ;
,,§ well as moderately reduce the maximum gas discharge temperature.§l ;
)
£
¥
5 ACCESSION fur
Ls_' NTIS Wiite Section
8 noc R.if Section O]
' UNANNOUNG: 0 0

JUSTIFICATION  _ —

B8Y DT |
DISTRIBUTION A¥LARILITY CODES

_ﬁ;s_r- R)K.L aind ;J-SPECW

A

i\%ﬁ-ou-«ox 2 SECUMPY QL ASNIMEATION §F TS PAGEMNen Bete Drierem




E Approved for public release; distribution unlimited.
Yoe
%
g
5
Y Hot Flow Testing of Multiple
i Nozzle Exhaust Eductor Systems
i % by
t James Allan Hill
S Lieutenant, United States Navy
’ : B.A. Economics, University of Nebraska, 1972
- Submitted in partial fulfillment of the

j : requirements for the degree of

MASTER OF SCIENCE IN MECHANICAL ENGINEERING

from the

NAVAL POSTGRADUATE SCHOOL
September 1979

Author

Approved by:

‘l( el "

Chairman, Department Of Mgﬁfificalﬁngineering

/ ‘ =

Dean of Science and Engineering



ABSTRACT

Hot flow model tests of multiple nozzle gas turbine
exhaust eductor systems were conducted to evaluate the
temperature effacts of several eductor design modifications.
A one-dimensional analysis of a simple eductor system based
on conservation of momentum for an incompressible gas was
used in determining the nondimensional parameters governing
the flow. Eductor performance is defined in terms of}these
parameters. Compared to existing solid wall eductors, the
addition of film cooling slots in the mixing stack, a mixing
stack shroud and a double split ring diffuser section was
found to significantly improve the pumping coefficient of the
eductor, and drastically decrease all external surface tem-
peratures as well as moderately reduce the maximum gas dis-

charge temperature.
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W, m - Mass flow rate, lbm/sec

X - Axial distance from mixing stack entrance, in

Dimensionless Groupings

A* - Secondary flow area to primary flow area ratio

Ke - Kinetic energy correction factor
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T*

W*

Momentum correction factor at the mixing
stack exit

Momentum correction factor at the primary
nozzle exit
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Pressure coefficient
Reynolds number

Secondary flow absolute temperature to primary
flow absolute temperature ratio

Secondary mass flow rate to primary mass flow
rate ratio

Secondary flow density to primary flow density
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Greek Letter Symbols
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8
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1
2
B

Absolute viscosity, lbf-sec/ftz
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Section within secondary air plenum
Section at primary nozzle exit
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Burner

Mixed flow or mixing stack

Primary

Secondary
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Mixing stack inside wall
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Fuel flow meter reading, Hz
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Ambient pressure, in Hg
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flow to primary flow

Ambient temperature, °F

Mixing stack wall temperature, °F

Uptake temperature, °F

Average velocity in mixing stack, ft/sec
Primary flow velocity at nozzle exit, ft/sec
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Primary mass flow rate, lbm/sec
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I. INTRODUCTION

The gas turbine engine has become the prime mover of
choice for recent naval applications. One of the unique
features of gas turbine engines is their hot and volumin-
ous exhaust. This presents problems such as overheating
of antennae and other equipment by exhaust plume impinge-
ment and the creation of an undesirable infra-red signature
of the hot exhaust plume. An effective means of reducing
the exhaust gas temperature is to mix it with ambient air
prior to its discharge from the stack. Exhaust gas eductor
systems presently in service have demonstrated their effec-
tiveness in cooling by such a mixing process.

The subject of this investigation is the application of
multiple nozzle eductor systems for cooling the exhaust gas
from gas turbine powered ships. This research is an extension
of work reported by Lt. C. R. Ellin [1l], Lt. C. P. Staehli
and Lt. R. J. Lemke [2],.Lt. D. R. Welch (3], and Lt. C. M.
Moss [4]. The scope of the work reported here includes
verification of some of the results reported by Welch (3],
and hot flow testing of two systems initially investigated
by Staehli and Lemke [2j.

The exhaust gas eductor system; illustrated schematically
in Figure 1, is defined as the portion of the uptake which
discharges the exhaust gas through nozzles into a mixing

stack. The purpose of the eductor system is to induce a

ERRICEOEE 23 ENT YERTAT O
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flow of cool ambient air which is mixed with the hot exhaust

gas in order to lower the temperature of the exhaust stack

. b A a SR R

and exhaust plume. These gas eductors must meet three major

requiréments. They must pump large amounts of secondary ‘e

(cooling) air into the mixing stack, they must adequately it

mix the hot high velocity exhaust gas and the cool low
velocity secondary air, and they must not adversely affect
the gas turbine's performance.

A one~dimensional flow analysis of a simple single nozzle
eductor system, as a unit, facilitates determination of the
nondimensional parameters which govern the flow phenomenon.

An experimental correlation of these nondimensional parameters
has been developed and is used to evaluate eductor performance.

The geometric parameters which influence the gas eductor's

YR e R e i
.

performance include the number and size of primary nozzles,
the length of the mixing stack, the ratio of the primary
nozzle flow area to the mixing stack area, the ratio of the
length of the mixing stack to its diameter, and the distance
from the primary nozzles to the mixing stack. Numerous
combinations of and variations in these parameters have
been investigated and reported in References [l] through [4].
The intent of this investigation was to obtain data using

hot flow testing of gas eductor systems to establish the

P T BT

effect of uptake gas temperature on the eductor's performance.
Temperature data is unavailable from cold flow testing;

correlation of hot flow data with previous cold flow data

16
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allows a validation of the hot gas generator and a validation
of the use of cold flow models for hot flow prototypes.

Two exhaust eductor models were tested. Both geometries
were tested previously using cold flow facilities, by
Staehli and Lemke [2]. Tests were made over a range of

temperatures, but retained the same flow parametric values.

- WP B NI el
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I1. THEORY AND ANALYSIS

Evaluation of the effects of eductor geometry on proto-
type eductor performance through experimentation with models
requires the following: assurance of similtude between model
and prototype; the identification of the dimensionless
groupings pertinent to the flow phenomenon; and a suitable
means of data analysis and presentation. Dynamic similarity
was maintained by using Mach number similarity to establish
the model's primary flow rate. Determination of the dimen-
sionless groupings that govern the flow was accomplished
through the analysis of a simple air eductor system. Based
on this analysis, an experimental correlation of the non-
dimensional parameters was developed and used in presenting

and evaluating experimental results.

A. MODELING TECHNIQUE

For the flow velocities considered, the primary flow
through the model eductor is turbulent (Reynolds number based
on diameter of approximately 105). Consequently, turbulent
momentum exchange outweighs shear interaction, and the kinetic
and internal energy terms influence the flow more than vis-
cous forces. Since Mach number can be shown to represent the
square root of the ratio of kinetic energy of a flow to its
internal energy, it is a more significant parameter than
Reynolds number in describing the primary flow through the

uptake.

18
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Mach number similarity was therefore used to model the

r e g o RPN 1
£

primary flow. Mach number is defined as the ratio of flow

velocity to sonic velocity in the medium considered. For a

perfect gas, sonic velocity, ¢, is calculated

0.5 g
cC = (gckRT) 3

The prototype Mach number is .064.
The geometric scale factor was influenced by test facility
flow capabilities, primary flow velocities and availability

of modeling materials. -

B. ONE-DIMENSIONAL ANALYSIS OF A SIMPLE EDUCTOR

The theoretical analysis of an eductor may proceed in
two ways. One method attempts to analyze the details of
the mixing process of the primary and secondary flows inside
the mixing stack and thereby determines the parameters that
describe the flow. This requires an interpretation of the %
mixing phenomenon, which when applied to multiple nozzle
systems becomes extremely complex. The second method, em-
ployed in this study, analyzes the overall performance of
the eductor system as a unit. Since details of the mixing
process are not considered in this method, an analysis of
the simple single nozzle eductor system shown in Figure 2 ;
leads to a determination of the dimensionless groupings :
governing the flow. The following one dimensional analysis

is from Ellin [1].

!
;
i
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The primary fluid, flowing at a rate Wb and velocity

Up. enters the constant area section of the mixing stack,
inducing a secondary flow rate of ws at velocity Us' The
primary and secondary flows are mixed and leave the mixing
stack at a flow rate of w& and a bulk average velocity of

Um'

The one-dimensional flow analysis of the simple eductor
system described depends on the simultaneous solution of

the equations of continuity, momentum, and energy with an

appropriate equation of state and specified boundary

conditions.

The following simplifying assumptions are made:

1. Both flows are perfect gases with constant specific
heats.

2. Steady, incompressible flow throughout the eductor
and plenum exists.

3. The flow throughout the eductor is adiabatic. The
flow of secondary air from the plenum (at section 0)
to the entrance of the mixing stack (at section 1)
is isentropic. Irreversible adiabatic mixing occurs
between the primary and secondary flows in the mixing
stack (between sections 1 and 2).

4. The static pressure distributions across the entrance
and exit planes of the mixing stack (at sections 1
and 2) are uniform.

5. At the mixing stack entrance (section 1), the primary

flow velocity U_ and temperature Tp are uniform

P
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The conservation of mass principle for steady state

flow yields

across the primary stream, and the secondary flow

velocity Ug and temperature Tg are uniform across

the secondary stream; but Up does not equal Us'

and Tp does not equal Ts’

Incomplete mixing of the primary and secondary

flows in the mixing stack is accounted for by the

use of a non-dimensional momentum correction factor,

Km’ which relates the actual momentum rate to the

rate based on the bulk-average velocity and density

and by the use of a non-dimensional kinetic energy

correction factor, Ke, which relates the actual ”
kinetic energy rate to the rate based on the bulk-

average velocity and density.

Potential energy differences due to elevation are

negligible.

Pressure changes Po to Pl and P to.Pa are small

1
relative to the static pressure so that the gas
density is principally dependent upon temperature
and atmospheric pressure.

wall friction in the mixing stack is accounted for
with the conventional pipe friction factor term

based on the bulk~average flow velocity Um and

the mixing stack wall area Aw.

) -w»*ws (1)

21
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where

P P P P
s = g Us As (1a)
"2 T Pm m

Um = H (1b)

Now, from assumption 1

a (2)

where Tm is calculated as the bulk-average temperature for
the mixed flow. Applying assumptions 4 and 6, the momentum

equation for the flow in the mixing stack may be written

W U W U

W U
L P 4+ 283 4+pA = K[BD L pPA.+F
Rpl=g 1, P I=g 1 * Ak mig, 1, " PRyt Fer
(3)

with A, = A,. The momentum correction factor Kp is intro-

1 2

duced to account for a possible non-uniform velocity profile
across the primary nozzle exit. It is defined in a manner
similar to that of Km and by assumption 5 is equal to unity

but is included here for completeness. The momentum

o




correction factor for the mixing stack exit is defined by

the relation

S o (@)

The actual variable velocity and a weighted average density
at section 2 are used in the integrand. The wall skin-

friction force Ffr can be related to the mean velocity by

2

u-
m m
Fer = fA (g ! >

For turbulent flow, the friction factor may be calculated

from the Reynolds number as

~0.2

f = 0.046(Rem) (6)

where

Applying the conservation of energy principle to the steady

flow in the mixing stack with assumption 7

v ? v 2 v 2
W [h+!L1 + W [h+r—s] = W _[h_+K r—“‘-]
P P 91 s s 9% 1 m m € 9.7 2

23

——— - ciamnn s -




where Ke is the kinetic energy correction factor defined by

the relation

. 1
Ke — [ vy ey an (8)

It may be demonstrated that for the purpose of evaluating
the mixed mean flow temperature Tm' the kinetic energy terms

may be neglected to yield

W
S
h = wﬁ“p*w—‘“s (9)

where Tm = F(hm) only, from assumption 1.
The energy equation applied to the flow of secondary
air between the plenum entrance and the mixjng stack en-

trance may be reduced to

0 1 _ s (10)

This comes from the steady, adiabatic flow, energy equation
Us2
dh = =4 [—7—]

recognizing that

Tds = dh-%-d? = 0

T




for the postulated isentropic conditions. Thus

U 2
S
a— = -d [T ] (lOa)

Pressure changes from the plenum to the mixing stack are
small (assumption 8) and the temperature and density are
relatively constant, and thus equation (10) is readily
obtained.

The foregoing equations may be combined to yield the

partial vacuum produced by the eductor in the plenum

chamber
2 2
w w A
1 o) s m
P_~-P {K + (1 - ]

a o 2gc Am P Ap pp As ps 2 As

whz £ Aw
- [K +__]} (11)

Am pm m 2 Am

where Ap and pp apply to the primary flow at the entrance
to the mixing stack (section 1), As and Pg apply to the
secondary flow at this same section, and Am and om apply to
the mixed flow at the exit of the mixing stack (section 2).
Pa is atmospheric pressure and is equal to the pressure at

the exit of the mixing stack P,. This equation also incor-

porates the assumption that (ps)l = (ps) so that pg may be

0
taken as the density of the secondary flow in the plenum.
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NONDIMENSIONAL SOLUTION OF SIMPLE EDUCTOR ANALYSIS

Normalizing equation (11) leads to the following non-

dimensional terms:

w*

T*

A*

Pa = Py
Ps
= ——;—7—- a pressure coeffic;enf ;hich compares
7—2- the “pumped head” 29 for the
9. Ps
secgndary flow to the "driving head"
9]
3—2— of the primary flow.
9e
ws
= a flow rate ratio, secondary-~to-
P
primary mass flow rate.
Ts
= 7 an absolute temperature ratio,
P
secondary-to-primary.
Ps
= 5= a flow density ratio. Note that
P
since P_ = P_ and the fluids are
s p T :
perfect gases, p* = TB = %@.
s
As
= i area ratio of secondary flow area
P

to primary flow area

o R AP

T T O




area ratio of primary flow area to

£ ho”

mixing stack cross sectional area

area ratio of wall friction area to

£

mixing stack cross sectional area

K momentum correction factor for

primary flow

Km momentum correction factor for mixed
flow
f wall friction factor

With these non-~dimensional groupings, equation (ll) may be

written as

AP* A A
S 2&5”%‘1&&“ - W*(l + T*)

o™

A
2 1 m
+ W* T*[xr(l ixw—x;)ﬁ - "

811} (lla)

>1uv

PN
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For a given eductor geometry, equation (ila) may be

expressed in the form

" AP* 2

T = Cl + C2 WE(T* + 1) + C3 WS (11b)
where
By -l
c, = 2 Kﬁ“‘p - B)
%)’ i-
C2 = ~2(Am) 8 (l1c)
% S
C = 2 {1 =58 - g}
3 Am A 2 A Ap Am

Equation (1lb) may be expressed as a simple functional

relationship

AP* = F(W*,T*) (12)

This same relationship results from a dimensional analysis
of the mixing process within the mixing stack (Ellin [1]).
Two geometric dimensionless quantities were added to
this investigation. The distance, S, from the primary flow
nozzle exit to the mixing stack entrance and the distance,
x, from the entrance to the mixing stack, normalized with
respect to the mixing stack diameter, D, were also defined
as nondimensional quantities. The two additional quantities

are listed below:




o

% ratio of the axial distance from the
mixing stack entrance to the diameter
of the mixing stack.

% standoff; the ratio of the axial dis-

tance between the primary nozzle exit
plane and the mixing stack entrance

to the diameter of the mixing stack.

D. CORRELATION OF EXPERIMENTAL DATA

In the experimental apparatus, a given Mach number can
be achieved over a wide variation in pressures, temperatures,
and flow rates. Accordingly a means of presenting the
experimental data was developed which is pseudo-independent
of the dimensionless groupings AP*, T*, and W*. From
equation (1llb), a satisfactory correlation of P*, T¥*, and

W* takes the form
* n
TT = F (W*T* ) (13)

|
where the exponent n has been experimentally determined to !
be 0.44 (Appendix B). AP*/T* is plotted as a function of
W*T*(0‘44) to yield an eductor's pumping characteristic

curve. For ease of discussion, W*T*(0'44) will be referred

to as the pumping coefficient.




IIT. EXPERIMENTAL APPARATUS

Hot primary gas is supplied to the nozzle and mixing
stack system by the combustion gas generator and associated
ducting illustrated in Figures 3 and 4. The eductor system
under test is mounted in a secondary air plenum. ASME long
radius flow nozzles mounted in the plenum walls allow

measurement of the secondary air flow.

A. COMBUSTION GAS GENERATOR

The input air to the combustion gas generator is supplied
by a Carrier model 18P350 centrifugal air compressor. The
compressor is located in an adjacent building and the input
air is piped underground to an eight inch inside diameter
(ID) horizontal pipe with a butterfly shutoff valve and a
globe bypass valve. All air demands for this testing can
be met with the bypass valve.

An entrance transition nozzle mates the eight inch ID
compressor discharge piping with the four inch ID system
piping. The pressure drop across this nozzle is used to
measure the primary air flow.

Under control of the operator, a portion of the input
air, the bypass air, travels straight through to the exhaust
stack while the remainder passes through the U-bend piping
to the combustion section. The combustion section includes
the burner can and igniter assembly from a Boeing model

502-6A gas turbine engine. Certain fuel system components




from this engine were also utilized. The fuel system is shown
schematically in Figure 5 and pictured in Figure 6.

After the air is heated in the combustion gection, it
is mixed with the cooler air after both pass through the
turbine nozzle box containing the bypass air mixer. The
_exhaust stack temperature is controlled by the ratio of
bypass air to combustion air, and by fuel supply to the
burner. The procedure for system light-off and operation
is included in Appendix A.

The hot gas passes through a flow straightening section
and then up the exhaust stack to the primary nozzles and

the eductor system.

B. EDUCTOR AIR METERING BOX

Secondary air flow is measured with a large metering box
which encloses the entire eductor assembly and acts as an
air pleaum. A set of standard ASME long radius flow nozzles
of varying cross-sectional areas are mounted in the metering
box away from the eductor. The metering box design allows
a full range of alignment motions as well as a variety of
mixing stack sizes, configurations, and placements. The
metering box general arrangement is pictured in Figure 7 and
a dimensional layout for a typical mixing stack installation
is given in Figure 8. The interior of the air metering box
is pictured in Figures 9 and 10.

For flexibility, the secondary air flow measuring system

utilizes three different flow nozzle sizes: four of four




inch throat diameter, three of two inch diameter and three
of one and one-half inch'throat diameter; various combinations
produce a wide variety of secondary cross-sectional flow
areas.

No attempt was made to measure air flow rates through the
stack film cooling slots or through the diffuser ring. Staehli

and Lemke [2] made such measurements in a cold flow test.

C. THE EDUCTOR SYSTEM

The eductor system includes the eductor nozzles and the
mixing stack. Figure 1 shows the general eductor system
arrangement.

1. The Mixing Stack

Two mixing stacks were tested, both constructed from
7.5 inch OD, 7.122 inch ID steel pipe. Referenced to the
ID, the first was 2.5 diameters long (17.805 inches) and was
tested to verify earlier experimental data and to gain
operational familiarity with the equipment. The second
stack was 1.75 diameters long (12.464 inches) with the wall
pierced by six rings of angled cooling slots. This stack
was shrouded, with a one- or two-ring diffuser added. The
diffuser half-angle and ID were held constant, and the total
mixing length was maintained at 2.5 diameters. The dimensional
layout of this stack is shown in Figures 1l and 12 and is
pictured in Figure 13. The stack with shroud and one diffuser
ring is shown in Figures 14 and 15; the stack with shroud

and two diffuser rings is shown in Figures 16 and 17. The

32




:
it
¢
)
S
3
¥
'

mixing stack inlet edge was rounded, and the stack was

supported inside the secondary air plenum by an adjustable

saddle.

U

$ 2. Eductor Nozzles

Welch [3] had found a satisfactory nozzle geometry
to consist of four nozzles, with a ratio of total nozzle
cross-sectional area to mixing stack cross sectional area
of 2.5. This nozzle system was used here. It is shown
schematically in Figures 18 and 19 and pictured in Figures !
; 20 and 21. The nozzle entrances were rounded. :

P 3. standoff Ratio (S/D)

All tests were made at an S/D ratio of 0.5. Previous

testing (4] has shown this to be approximately the optimum

standoff ratio.

" D. INSTRUMENTATION

: The performance of an eductor is calculated from pressure
and temperature data. Necessary measurements include the
primary mass flow rate (fuel and air), the secondary mass

flow rate, the uptake stack Mach number, and the mixing stack

temperature and pressure profiles.

Several manometers are used to obtain the pressure and
pressure drop measurements--a six inch inclined water manometer,
two 20 inch upright water manometers, and a 20 inch upright
mercury manometer. Atmospheric pressure is measured with a

mercury barometer. The pressure measurement system is

schematically shown in Figure 22.




Temperature measurements are made with either copper-
constantan or chromel-alumel thermocouples wired to Newport
model 267A digital pyrometers. The pyrometers are capable E
of monitoring 18 inputs each through barrel selector switches, ;

2 Ambient air temperature was measured with a mercury-in-glass }

| thermometer. A schematic of the temperature measurement
system is shown in Figure 23.

Fuel flow measurement is made with a Cox Instrument
model V40-A vortex flowmeter coupled to an Andadex Instruments
model CPM 603 frequency counter. Ross {5] performed the
calibration of fuel flow rate versus frequency, and this
curve is shown in Figure 24.

The calculation of the primary air mass flow rate requires

{ the measurement of the inlet absolute pressure to the entrance

nozzle (PNH), the pressure drop across this nozzle (DELPN),

e e

and the inlet air temperature. Calibration data of mass
flow rate versus these parameters was obtained by Ross [5]
and the curve is shown in Figure 25.

The calculation of the secondary air mass flow rate

A N T G MRS P e o e e

requires the measurement of the ambient pressure and tem-

perature, the pressure drop across the secondary air nozzles

P

i (PA - PS), and the total nozzle cross-sectional area. Differ-
ent combinations of nozzles are blocked or opened to control
the mass flow rate.

The uptake stack Mach number depends on the uptake tem-

perature and pressure, and the primary mass flow rate (air
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and fuel). The uptake temperature (TUPT) is measured with
a chromel-alumel thermocouple inserted through the primary
nozzle plate at the centerline and protruding approximately
two inches into the stack. Uptake pressure (PUP) is measured
through a four-point averaging pressure tap located one
diameter upstream of the primary nozzles.

Previously gathered experimental pressure data for solid
wall mixing stacks were instrumental in designing the
slotted wall mixing stack under test in this study. The
wall, shroud, and ring temperatures were the focus of primary
interest, and so pressure taps were not included although
numerous thermocouples were fitted. Each ring of slots had
two thermocouples--one in line with a primary nozzle (position
A) and one between two nozzles (position B). They were
placed such that no slot with a thermocouple had any downstream
interference, and such that the exit wires were evenly spaced
around the circumference (Figure 26). The shrouds and rings
were alsc instrumented with thermocouples, evenly spaced in
sets of two (position A and position B) along the length.
Other thermocouples were placed to allow proper operation
of the gas generator and to allow calculations of the various
mass flows. Temperature profiles at the exit plane of the

mixing stack were from a chromel-alumel thermocouple on an

adjustable traversing mechanism.
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IV. EXPERIMENTAL METHOD

As indicated in Chapter II the experimental system has
been modeled with Mach number similarity. The Mach number
in the model is achieved through a non-unique set of mass
flow rates, temperatures, and pressures, which are then
correlated in dimensionless form through the pumping coeffi-
cient, W'T'(o‘d‘). The restrictive ASME flow nozzles used
to measure secondary air flow depart from the protytype
condition of essentially unimpeded air flow. To determine
the pumping coefficient at the unimpeded operating point,
the secondary air flow rate was incrementally varied from
Zero to its maximum measurable value. The pumping coeffi-
cient was computed at each point and plotted. (Especially
when most of the secondary flow nozzles were blocked, hot
exhaust gas was forced back into the plenum through the
annular space between the diffuser rings. This unmeasured
flow resulted in an understated pumping coefficient. After
this effect was noted, the annular space was blocked during
subsééuent tests.) Extrapolation of the characteristic curve
yielded the pumping coefficient for unimpeded secondary flow.
Figure 27 is a typical characteristic curve. When extrapo-
lating the curve, less weight was given to the more uncertain

low pressure differences. The pumping coefficient at the

operating point is used to compare different eductors.
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After the data had been taken to determine the charac-
teristic curve of the eductor, the plenum end plates and
diffuser ring plugs were removed to simulate the 'open to i
the environment' condition. Temperature measurements on

the mixing stack wall and on the shrouds and rings were then

recorded. Two temperature profile traverses were made at

the exit plane of the mixing stack. The horizontal tra-
verse crossed two nozzles, the diagonal traverse went between
the nozzles. Of interest is the maximum temperature and the
overall flatness of the profile, which indicates the degree
of mixing of the flows.

The eductor system performance was evaluated over the
range of prototype uptake temperatures from 550 F to 850 F,
in 100 degree intervals. For each model, the experimental
series was run twice, once on each of two days. This was
done to determine the reliability and repeatability of the

data.
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V. DISCUSSION OF EXPERIMENTAL RESULTS

The experimental apparatus was checked carefully prior
to any model testing. Possible air leaks were plugged, and
the range of alignment motions was increased. The FORTRAN
data reduction program was rewritten and tailored for the

addition of numerous temperature measurements,

A. SOLID WALL MIXING STACK

The first model testing was done with a solid wall mixing
stack tested by Welch (3], for the purpose of verifying his
data, verifying the data reduction program, and gaining
operational familiarity with the equipment. Tests were made
only at the endpoints of the temperature range--cold flow
and 850 F. Results are plotted in Figure 28 and tabulated
in Table II. At each temperature, the values of the pumping
coefficient agreed within 2%. The value at the uptake tem=-
perature of 850 F was .53. Normalized mixing stack tem-
peratures were not so close, but were within 10%. The maximum
absolute value recorded was 370 F. Of significance is that
a pressure depression below atmospheric in the mixing stack
was confirmed with close agreement (less than 5% difference).
This pressure distribution was the foundation for the slotted
mixing stack design, which uses this pressure depression to
draw film cooling air through the slots. Exit plane tempera-
ture profiles at 850 F showed a maximum temperature of

604 F at the centerline (Figure 33, Table V).
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B. SLOTTED AND SHROUDED MIXING STACK WITH ONE DIFFUSER RING
Temperatures were the primary data of interest in this
study; temperature readings were taken on the mixing stack,

the shroud, and the diffuser rings. All temperatures are

plotted in Figure 31, and tabulated in Table III. Along

the mixing stack, the temperatures in position A were greater
than those in position B. This was expected since position
A is the line of nozzle impingement. The temperatures also

i showed an increase along the length of the stack. The air

drawn through the film cooling slots at the downstream end

has had more preheating than the air drawn through the first
slots, and there is less air induced because of the pressure
recovery within the mixing stack. The maximum mixing stack

temperature was 267 F, at an uptake temperature of 850 F.

The shroud temperatures also exhibited an increase along the
length which may be explained as above, but were the same

for poéitions A and B. The temperatures were close to ambient
at the shroud inlet, and the maximum recorded temperature was
138 F at the downstream end when the uptake temperature was
850 F. The diffuser ring temperatures showed a difference
between position A and position B, but the latter was greater
than the former. This result is minor, and unexplained. The

downstream temperatures were higher than the upstream tempera-

tures, which are shielded by the shroud and have the benefit

of fresh cooling air. The maximum diffuser ring temperature
was 144 F, at an uptake temperature of 850 F. The downstream
ring temperatures were about the same as the downstream

shroud temperatures.
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The pumping coefficient showed a general decrease with
increasing temperature. This confirms a trend noted by
Welch [3]. The pumping coefficient was .72 at an uptake
temperature of 850 F. Pumping coefficients are plotted in
Figure 29 (a) and 29(b), and tabulated in Table III. Re-
peatability of the results was within 1.5% as shown in Figure
29(c). Staehli and Lemke [2] tested a model with a ported
mixing stack and a shroud merged into a diffuser ring. The
results were similar to those of the slotted and shrouded
mixing stack with one diffuser ring under discussion here.
Their value for the pumping coefficient was .72 at cold
flow. A direct comparison cannot be made because of differ-
ences in geometry; still the figures are in reasonable
agreement.

The ‘back pressure shows an increase with uptake tempera-
ture, ranging from 8.3 to 9.6 inches of water. This compares
favorably with the range of 8.3 to 9.5 inches of water
reported for the solid wall mixing stack tested by Welch [3].
This good agreement is to be expected, since for compressible
flow the pressure ratio across a nozzle is fixed by the Mach
number and area ratio. The geometry was identical and uptake
conditions were similar, so the downstream pressure must
agree between the two experiments.

The exit plane temperatures are plotted in Figure 34

and tabulated in Table VI. The curves are symmetric with

no peaks, which indicates good mixing. The maximum temperatures
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were recorded at the centerline, and were 400 F for an
uptake temperature of 550 F and 570 F for an uptake

temperature of 850 F.

C. SLOTTED AND SHROUDED MIXING STACK WITH TWO DIFFUSER RINGS
Temperatures for this case are plotted in Figure 32 and
tabulated in Table IV. As with one diffuser ring, mixing
stack temperatures were higher along position A than position
B, and increased with length. Even the highest mixing stack
temperature was far below the corresponding temperature for
a solid wall mixing stack. Temperature data recorded by
Welch [3) for a solid wall mixing stack at an uptake tem-
perature of 850 F are plotted with the temperatures obtained
in this study in Figure 32(h); the slotted wall stack is
everywhere at least 150 degrees F cooler than the solid wall
mixing stack. The maximum mixing stack temperature recorded
was 269 F for an uptake temperature of 850 F, essentially
the same as for the one diffuser ring model. This indicates
that the smaller annular space, .1875 inch versus .3125 inch
for the stack with one ring, does not degrade the cooling
capability of the film air flow. The shroud temperatures
showed the same trends—--an increase with length but about
15 to 25 degrees F higher than for the one diffuser ring case.
The maximum shroud temperature was 158 F at an uptake tem-
perature of 850 F. The first ring yielded temperatures

higher at the downstream end than at the upstream end, but no

differences due to position A or B. The ring was significantly
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cooler than for the one diffuser ring model; this may be
explained because cooling air flows on both sides of the
ring when a second ring is added. Maximum ring temperature
recorded was 132 F at an uptake temperature of 850 F. The
second ring temperatures were likewise not influenced by
being at position A or B, and were much cooler than the
downstream shroud temperatures. The second ring in the two
ring diffuser, then, dces not have the same temperatures as
the ring in the one-ring diffuser; evidently the extra air
flow past the first ring effectively shields the second ring
from the hot gas flow. The maximum temperature recorded on
the second diffuser ring was 134 F at an uptake temperature
of 850 F.

The pumping coefficients decreased with increasing tem-
perature. They are plotted in Figure 30(a) and 30(b), and
tabulated in Table IV. The anomalous characteristic curve
at uptake temperature 550 F (Figure 30(b)) is explained by
noting the unusual operating pressures and pressure drops
recorded for that run, which also resulted in a shift from one
end of the allowed Mach number range to the other. The value
of the pumping coefficient at an uptake temperature of 850 F
was .74--this value is less than a 3% difference from the
value reported for the stack with one diffuser ring; the
difference is not considered significant. The repeatability
of pumping coefficient measurements is within 1.5%, as shown

in Figure 30(c). There is no corresponding cold flow model.
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Although Staehli and Lemke (2] had a model with two rings,
the first ring was analogous to the shroud used in this
investigation and their model was compared to the stack with
one diffuser ring. Nevertheless, they found very little
difference in pumping coefficients between one- and two-
ring diffuser models--the same conclusion reached here.

Uptake back pressure varies with plenum pressure as well
as temperature. During tests with the two diffuser ring model,
the annular spaces between the diffuser rings were not
plugged and exhaust gas was drawn back into the plenum, thus
raising the plenum pressure. This not only resulted in a
less certain figure for the pumping coefficient, but also
in a less certain figure for back pressure. With this warning
in mind, the back pressure ranged from 8.4 to 10.0 inches of
water. (Higher back pressure figures were recorded for run
number one, 850 F (Table IV), but are considered uncertain.
During this run the flow from the gas generator was surging,
and uptake temperature was oscillating about the nominal
850 F. Temperature and pressure measurements were not
recorded simultanecusly, so the listed values do not
necessarily reflect the same flow conditions.)

The exit plane temperatures are plotted in Figure 35,
and tabulated in Table VII. As before, the curves are
symmetric with no peaks, indicating well-mixed flow. The
maximum temperatures recorded were 400 F at an uptake

temperature of 550 F, and 580 F at an uptake temperature
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of 850 F. These are the same maxima as recorded for the
stack with one diffuser ring, and shows that the effects of

adding a second ring are not felt at the flow centerline.
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VI. CONCLUSIONS g

This investigation studied the effects on the eductor

temperature performance of adding film cooling slots, a

mixing stack shroud, and a one- or two-ring diffuser. De-~

tailed descriptions of these eductor systems are given in

Section III above. Trends and comparisons between models

tested and cold flow analogs were discussed in Section V.

Only a review of the main conclusions resulting from this

investigation are presented here. A summary of the tempera-

tures, pumping coefficients, back pressures and exit plane

temperatures is presented in Table I.

A. Adding film cooling slots to a solid wall mixing stack
significantly reduces mixing stack wall temperatures,
from a maximum of 370 F to a maximum of 270 F in
this study.

B. Adding a shroud further reduces the external temperature
of the mixing stack assembly, to a maximum of about
155 F. Further, this temperature is recorded only in
the last one-quarter of the stack length; the preceding
section is much cooler. The maximum shroud temperature
is also reduced by increasing the annular gap between
the shroud and the mixing stack.

C. Adding one diffuser ring to the slotted and shrouded
mixing stack covers the hot portion of the shroud, thus

reducing the visible surface temperature by about 10




5
|
1

degrees F, and cuts in half the area at this temperature.

Adding one diffuser ring improves the pumping coefficient

by about 35%, a significant gain, but increases the back

éressure from about 9.0 inches of water to about 9.4
inches of water. The maximum centerline exhaust gas
temperature at the exit plane of the mixing stack is
reduced from 605 F for £he solid wall mixing stack to
570 F. This reduction is probably due to the effects
of film cooling air and air brought in through the
shroud, rather than due to the diffuser ring.

Adding two diffuser rings td-the slotted and shrouded
mixing stack drops the maximum visible skin temperature
of the mixing stack assembly to about 135 F. The
pumping coefficient, back pressure, and maximum centerline
exhaust gas discharge temperature are all unchanged from
the values obtained from the stack with one diffuser

ring.
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schematically shown in Figure 22.

VII. RECOMMENDATIONS

In addition to providing insight into the effects on

temperatures that can be achieved, this study has generated

an awareness of the investigation's shortcomings and sparked
suggestions for further research.
A. Investigate the optimum size and placement of film

cooling slots. It appears that fewer slots could be

used in the upstream portion of the stack without
causing unaccertable temperature rise. This would slow
the pressure recovery in the stack and allow more air
to be induced through the downstream slots.

B. Investigate the optimum diffuser angle, including the
possibility of different spacing between the shroud and
mixing stack than between the rings and shroud.

C. 1Install a globe or needle valve in the fuel pump
recirculation line for more precise and positive

control of fuel flow.
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VIII. FIGURES
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TURBINE EXHAUST
(PRIMARY FLOW)

FIGURE 1. Schematic Diagram of Simple Exhaust
Gas Eductor
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. FIGURE 9. Interior of Air Metering Box Showing Uptake
Stack and Primary Nozzles




FIGURE 10.

Interior of Air Meterin
Mixing Stack and Primar

57

g Box Showing
Y Nozzles

b et o

AR . S S

-



4.
r F Py AN NN A~ N~

ARRAARAAAQ

M oo 000 Ins

(3) NS NI~

@ e .t

"—-——< -

l o
H s 2 8

7 0 r09¢
E 3 _
l 0 FSrE FIY 9 nz -
Logg S an
U U 0 mmbmmzmn
[] [] L GTE W nuun n'ﬁ‘
U U _mm<momm&m

| [] 692

[] ﬂ oLz :S';S

ALY B |
u U 22

[] [] ﬂ [] :z N LI
oy

T T R |
| | ﬂ | or &

| I -orz N
ﬂ U o

Dimensional Diagram of Expanded Slotted Mixing Stack

IR |
L AT B | o

58




R T

By ol o PRI A S S NSO e 7t . -

%oe1s BUIXTH P23I30]S Jo weiBeyq oyjewmaydg

*Z1 2an8yy




ADYILS ONHIXIW dALLOTS

——
s ,
ol

=" M e

‘€1 2anbtga

T,

~~

|
|
|
|




Supy 198Nn3JJTQ du0 YITA NOoelIs BulxXyR jJo weilvyQg TRUOTSUDWI(Q

€Z90° = ss3auNITYL 3ury
198N33JT(d pu® pnoays
8§3youl uy suogsudwWIqg [IV

‘w1 9an8yy

8.125 ——™

8.875

r

(a 0s°2) s08° L1
(a s£8°1) AT RE A |
,Tlll (a s¢°1) $94%°21
(asz-)
114 — [8L°1
L0
~
o~
- o
« N
~ .
~
—_ —_ — - —_ -
[ ]
a
[a]
| I o ]
D _
-

(as°0)

|
~

ONIY ¥3asSNn441a

196°¢

-

ano¥Hs

AIVIS

ONIXIRH

61




ONIY¥ MISNAJAIA INO HLIM NOVLS ONIXIW °GT aainbht1g

62




SZ90° =

I®s8nj3yg pue pnoays

utr suorsuawyd TV r (a s¢°1) L") NS ||L

sbuyy 198NJJTA OMIL YITM XoeasS BUTXTW 3O wexbeyd Teuoysuswyad °97 2Inbya

(@ 05°2) 508° LT

ssauyoTyl bHuty T
(a sz2°2) $Z0°91
seayouy

> (@ sL°1) vov- 21

—J]

(a sz°)

— 8L 1

a o~ —

o~

-4
. o
[ ad wn
o 2 41 - - -— -—1- -
@ @ a s
@ [..] ~~ . o
w o

—’ Q

-

”
T.9°C
BSNTT TSI _r|.o_a: ) O¥HS YOVIS SNIXTR

1L9°¢C




NN

N\

N
SN
does
\\\\\

N N\§

N
N
W

\
N X

=
A

MIXING STACK WITH TWO DIFFUSER RINGS

["i(JUre 17.




Am/Ap = 2.5

A 1.251
B 1.126
o 1.770
D 2.520
E .250
F .125
G .500
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FIGURE 13, Dimensional Diagram of Primary Flow Nozzles
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FIGURE 19. Dimension Diagram of Primary Flow
Nozzle Plate




FIGURE 20.

\\

Primary Flow Nozzle Plate (Back View)

67




po~ by

FIGURE 21 Primary Flow Nouzle Plate (Front View!
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FIGURE 27. [Illustrative Plot of the Experimental Data
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